Endothelial nitric-oxide synthase (eNOS) is a constitutively expressed gene in endothelium that produces NO and is critical for vascular integrity. Previously, we reported that the 27-nucleotide (nt) repeat polymorphism in eNOS intron 4, a source of 27-nt small RNA, which inhibits eNOS expression, were associated with cardiovascular risk and expression of the eNOS gene. In the current study, we investigated the biogenesis of the intron 4-derived 27-nt small RNA. Using Northern blot, we showed that the eNOS-derived 27-nt short intronic repeat RNA (sir-RNA) expressed only in the eNOS expressing endothelial cells. Cells containing 10 ؋ 27-or 5 ؋ 27-nt repeats produced higher levels of 27nt sir-RNA and lower levels of eNOS mRNA than the cells with 4 ؋ 27-nt repeats. The 27nt sir-RNA was mostly present within the endothelial nuclei. When the splicing junctions of the 27-nt repeat containing intron 4 in the full-length eNOS cDNA vector were mutated, 27nt sir-RNA biogenesis was abolished. Suppression of Drosha or Dicer diminished the biogenesis of the 27nt sir-RNA. Our study suggests that the 27nt sir-RNA derived through eNOS pre-mRNA splicing may represent a new class of small RNA. The more eNOS is transcribed or higher number of the 27-nt repeats, the more 27nt sir-RNA is produced, which functions as a negative feedback self-regulator by specifically inhibiting the host gene eNOS expression. This novel molecular model may be responsible for quantitative differences between individuals carrying different numbers of the polymorphic repeats hence the cardiovascular risk.
Endothelial-derived NO, mainly synthesized by endothelial nitric-oxide synthase (eNOS), 3 has a central role in maintaining the functional integrity of endothelial cells, hemodynamic regulation, arterial wall remodeling, and establishment of collateral circulation (1) . Effects of NO result either directly from reactions between NO and specific biological molecules through S-nitros(yl)ation (2) , or indirectly from reactive nitrogen oxide species through oxidation (3) . These direct or indirect effects can produce both physiological and pathological outcomes (4) . Adequate NO production is essential for antiatherogenic and anti-thrombotic processes in the normal arterial wall; attenuated NO bioavailability promotes vascular diseases. Reduction in basal NO release may predispose to hypertension, thrombosis, vasospasm, and atherosclerosis (5) , and overproduction of NO can result in excessive oxidative stress and inflammation, both of which promote vascular diseases. Central to all these physiological functions is the proper eNOS expression and adequate eNOS enzyme activity. Over recent years, tremendous research efforts have concentrated on the regulation of eNOS enzyme activities. Comparatively, progress in molecular mechanisms regulating eNOS expression at transcriptional, post-transcriptional, and translational levels is relatively slow.
Although functional roles of the eNOS DNA variants are not clear, hundreds of studies investigating associations between various eNOS polymorphisms and vascular diseases have been published over the last decade. This is especially so for the 27-nucleotide (nt) repeat polymorphism in the eNOS intron 4, which is highlighted by a meta-analysis of 12,990 subjects showing significant associations with vascular diseases (6) . Although a recent Framingham Study reported no association between 33 single nucleotide polymorphisms in the eNOS gene and endothelial function (7) , others reported positive associations between the promoter T-786C polymorphism, CA repeats in intron 13, E298D at exon 7, and endothelial function and vascular diseases (8) . Studies of ours and others suggest that the 27-nt repeat polymorphism at eNOS intron 4 is likely functional in regulating eNOS expression.
Recently, we have demonstrated that: (a) the 27-nt repeats may act as an enhancer/repressor regulating eNOS expression, the effect is maintained during in vitro cell replication in endothelial cells carrying different genotypes (9, 10) ; (b) the 27-nt repeats in eNOS intron 4 produce 27-nt small RNA, which appears to inhibit eNOS expression at the transcriptional level (11, 12) . However, the biogenesis of the intron 4-derived 27-nt small RNA is not clear. In the current study, we defined the molecular pathways for the 27-nt small RNA biogenesis, which is distinct from most known classes of small RNAs (13) (14) (15) (16) . This short intronic repeat small RNA (sir-RNA) could either be a new class of small RNA or an atypical form of the microRNA. We speculate that the intron 4-derived 27-nt small RNA may function as a negative feedback regulator and maintain the stable transcription of eNOS. Plasmids-We amplified the human eNOS gene from exon 3 to intron 4 (4674 to 6498 bp) or part of intron 4 (5130 to 6430) with the standard PCR technique from genomic DNA extracted from human umbilical vein endothelial cells (HUVEC). We cloned the PCR products into pCR2.1-TOPO cloning vector (Invitrogen) re-cloned into human eNOS full-length cDNA/pCMV-2B expression vector at the ScaI site. The correct sequence and orientation of the inserts were confirmed by direct DNA sequencing. Primers with restriction enzyme site (underlined) for cloning are: sense 5Ј-AGTACTTACAGCTC-CATTAAGAGGTGACAG-3Ј, antisense 5Ј-AGTACTCCTG-AGCCAGCCGAGGCAGCGGGAGAG-3Ј, sense, 5Ј-AGTAC-TGGTGCGGCTGGCCAGCGACTGAGAG-3Ј, antisense 5Ј-AGTACTCCTGAGCCAGCCGAGGCAGCGGGAGAG-3Ј. For generation of the 10 ϫ 27-nt construct, we carried out two separate PCR. We first amplified the DNA fragment from the 5Ј end to the end of the 5th 27-nt repeat. We then amplified the DNA fragment from the beginning of the 1st 27-nt repeat to the 3Ј end of the intron 4. These two DNA fragments were end-end annealed for the generation of the 10 ϫ 27-nt fragment and inserted into the pCMV-2B-eNOS cDNA vector.
MATERIALS AND METHODS

Reagents-Restriction
For the assessment of the independent promoter, the region (1953 bp, 4545-6498 bp) spanning from eNOS exon 3 to intron 4 was amplified from HUVEC genomics DNA. Primers with KpnI and XhoI sites were: sense 5Ј-GGTACCCTCGACCCA-GGATGGGCCCTGCACC, antisense 5Ј-AGATCTCCTGAG-CCAGCCGAGGCAGCGGGAGAG-3Ј. The PCR product was cloned into pGL3 basic vector by T4 DNA ligase at XhoI and KpnI sites. In addition, the serial deletions of the 1.5-kb region upstream of the 27-nt repeats in the eNOS intron 4 were amplified by PCR before being inserted into the pGL3 basic vector at XhoI and KpnI. Site-directed mutagenesis was carried out using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) to generate the splicing-deficient constructs.
siRNA-mediated Gene-specific Suppression-Following siRNA duplexes specific for Drosha and Dicer, genes were designed to suppress the expression of Drosha and Dicer. Luciferase gene-specific siRNA was used as a negative control. The target sequences for Drosha, Dicer, and luciferase were: 5Ј-AACCGAAGAUCACCAUCUCUG-3Ј, 5Ј-AAUC-UAUUAGCACCUUGAUGU-3Ј, and 5Ј-UCGAAGUAUU-CCGCGUACG-3. Before transfection with Lipofectamine 2000, formation of siRNA duplex was performed.
Cell Culture and Transfection-HeLa (human cervical epithelial cancer cell line) and 293 (human embryonic renal epithelial cell line) cells were cultured in Dulbecco's modified Eagle's medium (Cellgro, Mediatech, Inc., Herndon, VA) with 10% fetal bovine serum. Human skin fibroblast cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA). Human coronary artery smooth muscle cells were purchased from Cell Application, Inc. (San Diego, CA). Human skin fibroblasts were cultured in Eagle's minimum essential medium (ATCC) with 10% fetal bovine serum. Human coronary artery smooth muscle cells were cultured in smooth muscle cell growth medium (Cell Applications, Inc.). Human aortic endothelial cells (HAEC) were obtained from Cell Application and cultured in EBM-2 endothelial cell basic medium with Bulletkit (Cambrex, Inc., Charles City, IA) containing hydrocortisone, fibroblast growth factor B, vascular endothelial growth factor, insulin-like growth factor-1, ascorbic acid, epidermal growth factor, GA-1000, heparin, and 2% fetal calf serum. Primary HUVECs were collected from human umbilical cords as described previously (10) , which was approved by the Institutional Review Board of Baylor College of Medicine. All types of cells were cultured at 37°C with 5% CO 2 . The siRNA duplex and plasmids were transfected using Lipofectamine 2000 following the manufacturer's protocol.
Northern Blot and Quantitative Real-time RT-PCR-Total RNAs were extracted with TRIzol (Invitrogen) and small RNAs were isolated from the cultured cells using the mirVana miRNA Isolation kit. For Northern blots of sir-RNA, 20 g of RNA was resolved on 15% polyacrylamide, 8 M urea gels, and electrophoresized with 130 V for 2 h at room temperature. The resolved RNAs were transferred to the positively charged Nylon membrane. The synthesized antisense 27-nt oligonucleotide probe according to the 27-nt repeat sequence in the eNOS intron 4 was 5Ј end-labeled with [␥-32 P]ATP by the T4 kinase. For eNOS mRNA detection, RNase protection assays were performed by using the RNase Protection Assay III kit from Ambion, Austin, TX, according to the manufacturer's instructions. Five to 20 g of total RNA was used per reaction. Cyclophilin antisense control template was obtained from Ambion and labeled using T7 RNA polymerase. Primer sequences for RT-PCRs were as follows: eNOS, 5Ј-CGAACAGCGGCTTCA-AGAGGTG-3Ј and 5Ј-CTGGATCCGGCCCACGCAGCG-3Ј; ␤-actin, 5Ј-AAAGACCTGTACGCCAACAC-3Ј and 5Ј-GTC-ATACTCCTGCTTGCTGAT-3Ј. The protocol for quantita-tive real-time RT-PCR was the same as described previously (17) .
Luciferase Assay-For luciferase assay, the cultured cells were washed in phosphate-buffered saline, resuspended in 300 l of cold cell lysis buffer (Promega), and lysed by vortexing with acid-washed glass beads (Sigma). One microliter of a 1:50 dilution of the lysate was added to 100 l of luciferase assay regent (Promega), and luciferase activity was detected with a luminometer (TD-20/20 Turner Designs). Protein concentrations of crude lysates were determined by the Bradford method (Bio-Rad) and used to normalize activity values.
Western Blot-Proteins extracted from the cultured cells were separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. The membrane was blocked in 5% nonfat milk in TBS-T (50 mmol/liter Tris, pH 7.5, 150 mmol/liter NaCl, 0.05% Tween 20) for 1 h at room temperature. After incubation with primary antibodies in TBS-T containing 5% milk overnight at 4°C, the membrane was washed extensively with TBS-T before incubation with secondary anti-rabbit horseradish peroxidase-conjugated antibody for 1 h at room temperature. After extensive washing with TBS-T, the membrane was visualized with ECL plus reagents for chemiluminescence detection (Amersham Biosciences).
Statistic Analyses-All quantitative data were presented as the mean Ϯ S.E. of three separate experiments and compared by Student's t test for between group differences. The p Ͻ 0.05 was regarded as statistically significant.
RESULTS
Association between the Expressions of the 27-nt sir-RNA and eNOS-Because 27nt sir-RNA is likely derived from the eNOS gene, we first evaluated the possible relationship in the expression between the two. Among the HUVECs collected from different individuals (10), we selected HUVECs with the confirmed 5 ϫ 27-nt repeat homozygotes (n ϭ 3) or 4 ϫ 27-nt repeat homozygotes (n ϭ 3) defined by PCR genotyping described earlier (10) . We cultured these cells to full confluence. Total RNA and proteins were isolated from the cultured cells. Expression of 27nt sir-RNA was analyzed by Northern blot; expression of eNOS was measured by the quantitative real-time RT-PCR for mRNA and Western blot for the protein levels. As shown in Fig. 1A , HUVECs with 5 ϫ 27-nt repeats had higher 27nt sir-RNA levels than those with 4 ϫ 27-nt repeats (49.8 Ϯ 3.9 versus 39.6 Ϯ 1.6, p Ͻ 0.05). However, the levels of eNOS protein (Fig. 1B) and mRNA (Fig. 1C) were significantly reduced in HUVECs with 5 ϫ 27-nt repeats than those with 4 ϫ 27-nt repeats (eNOS protein: 26.1 Ϯ 0.1 versus 40.5 Ϯ 0.8, p Ͻ 0.05).
Tissue-specific Expression of the 27nt sir-RNA-To explore the cell-specific expression in the 27nt sir-RNA, we isolated or purchased total RNA from 12 different types of human cells or tissues. We measured the 27nt sir-RNA and eNOS mRNA using Northern blot. As shown in Fig. 2 , the 27nt sir-RNA was only detectable in HAECs, which corresponded with the expression of eNOS mRNA.
Expression of the 27nt sir-RNA by the eNOS cDNA-Intron 4 Constructs-Because the 27nt sir-RNA is co-expressed with the eNOS, we designed experiments to investigate the mechanisms responsible for 27nt sir-RNA biogenesis. We generated three constructs as outlined in Fig. 3A . These constructs were built based on the pCMV-2B-eNOS full-length cDNA plasmid generated in our laboratory (18, 19) . In Vector 1, the DNA fragment 1-3) , or purchased from Clontech (lanes 4-11) . The RNA samples were electrophoresized on the 1% acrylamide, 8 M urea gel and analyzed by Northern blot for eNOS mRNA using the exon 4-specific mRNA probe (top lane) and cyclophilin was used as the control, or 15% acrylamide, 8 M urea gel detected with 32 P-labeled 27-nt antisense oligonucleotide probe for the 27nt sir-RNA (lower panel). The same membrane was also hybridized with a 5.8 S rRNA probe as the gel loading control (bottom lane). A, all constructs were based on the pCMV-2B-eNOS full-length cDNA vector. Clones with the correct orientation confirmed by direct sequencing were selected for the study. Vector 1 contains a full-length eNOS intron 4 (5066 -6498 bp). To insert the full intron 4 without disrupting the eNOS cDNA codes, we cloned 1824-bp DNA from 4674 -6498 bp using DNA from HUVECs with the 5 ϫ 27-nt repeat genotype. Selection of this fragment was based on the ScaI restriction site on the eNOS full-length cDNA in the vector and starts from part of exon 3 to intron 4. Vector 2 contains only part of intron 4 (5130 -6430 nt) but the full sequence of the 5 ϫ 27-nt repeats. This insert eliminated the splicing junctions at both 5Ј and 3Ј ends flanking intron 4. Vector 3 was generated from the pCMV-2B vector with only intron 4 containing the DNA fragment (4674 -6498 bp) to test whether 27nt sir-RNA biogenesis can be driven from an independent promoter. B, 48 h after the vectors were transfected to the HeLa cells, RNA was extracted from the transfected and non-transfected cells; Northern blot was carried out for detection of the 27-nt sir-RNA using 32 P-labeled 27-nt oligonucleotide probe. The 27-nt sir-RNA was only detectable in HeLa cells transfected with Vector 1, which contains the entire intron 4 with both splicing junctions intact. In the meantime, the 27-nt probe also detected the presence of a pre-sir-RNA band sized ϳ150 nt in both HAECs and cells transfected with Vector 1. The presence of the band was weaker in cells transfected with Vectors 2 and 3. RNA from non-transfected HeLa cells was the negative control and HAECs was the positive control. We have noted two prominent bands at the position between the pre-sir-RNA and 27nt sir-RNA with sizes estimated around 70 and 80 nt. Although they could be the intermediate products in the process of the pre-sir-RNA to mature 27nt sir-RNA transformation, they could also be nonspecific bands. The origin and functional relevance of these additional bands will need to be investigated further. The tRNA stained with EtBr was used as the loading control. C, to further investigate the dose-dependent effect, we generated DNA fragment containing 10 ϫ 27-nt repeats based on the 4674 -6498-bp DNA fragment. We first amplified the DNA fragment from the 5Ј end to the end of the 5th 27-nt repeat. We then amplified the DNA fragment from the beginning of the 1st 27-nt repeat to the 3Ј end of the intron 4. These two DNA fragments were end-end annealed for the generation of the 10 ϫ 27-nt fragment and inserted into the pCMV-2B-eNOS cDNA vector. Only vectors with the correct sequence and orientation confirmed by the direct sequencing were selected for the study. The constructs were then transfected to HeLa cells. After 48 h, RNA was extracted for the Northern blot to detect 27nt sir-RNA. The left two lanes show the 27nt sir-RNA from Vector 1 containing 5 ϫ 27-nt repeats; the right two lanes show the 27nt sir-RNA from the vector containing 10 ϫ 27-nt repeats. The tRNA was illustrated as the loading control. D, to explore whether the overexpressed 27-nt RNA could suppress host cell eNOS expression, we transfected the vectors to HAECs and Western blot was used to examine the eNOS protein expression. Cells transfected with the 5 ϫ 27-nt vector had significantly more eNOS expressed than the cells transfected with the 10 ϫ 27-nt vector.
containing the entire intron 4 sequence was inserted. To not disrupt the eNOS coding cDNA, we selected the ScaI site and the insert contained the sequence from part of exon 3 to the entire intron 4 (4674 to 6498 bp) with the ScaI adaptor added at both ends. The vectors with correct sequence and orientation determined by the direct sequencing were selected for the study. Intron 4 spans from 5006 to 6498 bp; the 5 ϫ 27-nt repeat containing the region starts at 5331 to 5446 bp. Vector 2 contained only a part of intron 4 (5130 to 6430 bp), which includes 5 ϫ 27-nt repeats but with intron 4 splicing junctions at 5Ј and 3Ј ends being removed. Vector 3 had no eNOS cDNA but has the cloned segment of 4674 to 6498 bp inserted at the 3Ј end of the vector CMV promoter. All three constructs were then transfected into HeLa cells. We chose HeLa as the host cells because they have the necessary eNOS expression machineries but without endogenous 27nt sir-RNA (11, 12) . Total RNA was extracted 48 h after transfection; 27nt sir-RNA was measured by Northern blot using 32 P-labeled 27-nt oligonucleotide probe. As shown in Fig. 3B , only Vector 1, which contains the full-length eNOS cDNA and complete intron 4 with 5Ј and 3Ј splicing junctions intact, produced the 27nt sir-RNA similarly as the HAECs. Removal of splicing junctions in Vector 2 abolished the 27nt sir-RNA biogenesis. This suggests that a splicing process similar to eNOS pre-mRNA splicing may be required for the 27nt sir-RNA biogenesis. Lack of 27nt sir-RNA production in Vector 3 indicates that DNA sequences up to exon 3 upstream of 27-nt repeats are not sufficient to drive the expression of the 27nt sir-RNA.
To further evaluate the relationship between the numbers of the 27-nt repeats and the 27nt sir-RNA biogenesis, we generated the pCMV-eNOS cDNA-intron 4 construct containing 10 ϫ 27-nt repeats based on the design of Vector 1. We transfected the vectors containing either 5 ϫ 27-or 10 ϫ 27-nt repeats into HeLa cells and HAEC total RNA and the protein were extracted 48 h post-transfection. Fig. 3C  (upper panel) shows the 27nt sir-RNA in transfection HeLa cells by Northern blot. The 10 ϫ 27-nt repeat construct produced significantly more 27nt sir-RNA (70.3 Ϯ 0.5) than those of the 5 ϫ 27-nt construct (32.9 Ϯ 2.8, p Ͻ 0.05). To investigate whether the overexpressed 27-nt RNA suppressed the host cell eNOS expression, we further transfected these two vectors to HAECs. The eNOS expression by Western blot in HAECs transfected with the 10 ϫ 27-nt construct had significantly lower eNOS protein than those transfected with the 5 ϫ 27-nt construct (eNOS protein: 9.6 Ϯ 0.2 versus 80.3 Ϯ 0.4, p Ͻ 0.01).
Role of eNOS Pre-mRNA Splicing in 27nt sir-RNA Biogenesis-Because deletion analysis showed that splicing junctions of intron 4 were essential for the 27nt sir-RNA biogenesis, we further investigated the role of eNOS pre-mRNA splicing in 27nt sir-RNA production by mutating the nucleotides in the splicing junctions. Fig. 4 shows the schematic design of the mutagenesis at the 5Ј end GCGA͉GTGC and 3Ј end GCTCAG͉GT splice junctions of the eNOS intron 4. Vector 1 as described in the legend to Fig. 3 was used as the template for mutagenesis. We designed two pairs of specific mutation primers to introduce a mutation at the 5Ј end from GT to AT, and at the 3Ј end from AG to CG. Vector-a is the wild-type control; Vector-b contains a mutation at the 5Ј end; Vector-c contains a mutation at the 3Ј end; Vector-d contains mutations at both 5Ј and 3Ј ends. Forty-eight hours after transfection of these constructs to the HeLa cells, total RNA was extracted for 27nt sir-RNA detection. As shown in Fig. 4 , mutations at either splicing junction of intron 4 abolished the biogenesis of the 27nt sir-RNA, and caused accumulation of specific pre-sir-RNA sized ϳ150 nt.
Possibility of an Independent Promoter Drives 27nt sir-RNA Expression-To study the possibility that an independent promoter may be responsible for the expression of 27nt sir-RNA, we first prepared serial deletion reporter constructs by cloning the 5Ј-flanking sequence 1.5-kb upstream of the 27-nt repeats at eNOS intron 4 into the luciferase reporter vectors (Fig. 5A ), which were then transfected to HeLa cells. At 48 h post-trans-fection, we measured luciferase activity and luciferase mRNA levels. Our experiment showed no promoter activity of this region. To investigate the possibility that the luciferase reporter vector coding regions for transcription and translation may not be suitable to study the function of the promoter that drives the small RNA expression, we further cloned 766 bp upstream of the 27-nt repeats together with the entire eNOS intron 4 into the pGL3-basic vector at the KpnI and XhoI sites (Fig. 5B) . As shown in Fig. 5B , the construct produced no 27nt sir-RNA, which suggests no independent promoter exists for the 27nt sir-RNA biogenesis, at least not within the 766-bp upstream region.
Relevance of MicroRNA Processing Machinery in the 27nt sir-RNA Biogenesis-We next examined the relevance of common processing machineries for small RNAs in the 27nt sir-RNA biogenesis. It has generally been assumed that RNase type III Drosha is responsible for the nuclear small RNA, particularly miRNA, process to produce precursor miRNA. Pre-miRNAs are then exported to the cytoplasm by exportin 5 and processed into miRNA duplexes through the action of the cytoplasmic type III RNase Dicer. To study whether Dicer or Drosha is also involved in 27nt sir-RNA processing, we suppressed the expression of Dicer or Drosha by transfecting Drosha-or Dicer-specific siRNA to HAECs (Fig. 6A) . Total RNA was extracted 48 h after transfection and subjected to Northern blot for 27nt sir-RNA detection. We showed that repression of Drosha or Dicer resulted in significant reduction in the 27nt sir-RNA expression (Fig. 6B) . The reduced 27nt sir-RNA corresponded with increased host gene eNOS expression (Fig. 6C) . In the same RNA extracts, which were extracted 24 h after the respective Drosha-or Dicer-specific siRNA treatment, we also found that whereas the Dicer or Drosha knockdown reduced the expression of 27nt sir-RNA, the 27-nt specific pre-sir-RNA was accumulated (Fig. 6D) .
DISCUSSION
Although we have attempted to classify this intronic repeatderived small RNA as a miRNA (11) , most features in biogenesis, processing, and possible mechanisms of effects on target genes do not meet the criteria as a classical miRNA. Our current study suggests that 27nt sir-RNA is derived from the 27-nt repeat sequence in eNOS intron 4 through the eNOS pre-mRNA splicing. The more the number of 27-nt repeats, the more the 27nt sir-RNA is produced. This association is biologically significant because the number of 27-nt repeats in eNOS intron 4 is reported to be associated with risk of myocardial infarction, especially in smokers (20) . We further discovered that nuclear actin tended to bind to the 27-nt repeat element and partially attenuate the 27-nt RNA-mediated eNOS suppression (12) .
Currently, several types of small RNAs have been described: miRNA, piwiRNA (21), siRNA, tiny noncoding RNA, heterochromatic siRNAs, and repeat-associated small RNAs in plants and animals (22, 23) . Some of these small RNAs could be present only during the developmental stage or be responsible for tissue-specific expressions (23) . These small RNAs typically are ϳ21-25 nt in length; longer ones are mostly from repeat-associated small RNAs (23) . Although siRNAs are typically from an exogenous source or during virus infection, miRNAs are mainly transcribed through designated genomic sequences (24) . In some cases, the miRNAs can also be derived from transcribed introns spliced during the nuclear pre-mRNA process (14, 25) . There is a clear definition for what qualifies as miRNA, which is a distinct ϳ22-nt RNA transcript detected by Northern blot. Biogenesis criteria include existence of 50 -80-nt pre-miRNA stem-loops to be processed by the Microprocessor complex of nucleases and associated factors, including the RNase III Drosha and its partner DGCR8/Pasha within the nucleus (26) . Through exportin-5, the pre-miRNAs are exported to the cytoplasm and processed by Dicer to become mature miRNAs, which will stay in the cytoplasm to either induce target mRNA degradation or directly inhibit translation (24) . Contrary to siRNA, which requires a perfect sequence match and initiates gene-specific inhibition, miRNA does not require a perfect match of the target mRNA and can regulate more than 200 target mRNAs (27) . A recent description of intronic microRNA premiRNAs (mirtrons) was reported (28, 29) , which bears the closest resemblance to the sir-RNA we discovered. Unlike the classical miRNA, the biogenesis of mirtrons is processed without the involvement of Drosha-mediated cleavage.
Nevertheless, our 27-nt small RNA has the following biological features, which are somehow distinct from most existing small RNAs. They include the exclusive nuclear presence of the 27nt sir-RNA, which is derived from the intronic repeat sequence (11, 12 ). It appears only specifically inhibiting the host eNOS gene rather than several hundred unrelated genes (11) . The regulatory target stays within the nucleus by regulating eNOS gene transcription or pre-mRNA splicing directly. Using the RNA mfold web server, several stem-loop structures can be modeled with the 5 ϫ 27-nt repeat sequence. Fig. 7 shows two examples of the modeling by including only the 27-nt repeat sequence. However, it is not clear how multiple copies of the 27-nt RNA can be cleaved from the repeat sequence of the single stem-loop structure. Our experiments have clearly shown that the number of 27-nt repeats is linearly associated with the amount of 27nt sir-RNA. These biological features suggest that our 27-nt small RNA is either a new class of small RNA, i.e. sir-RNA, or an atypical form of the existing miRNA or mirtrons. However, the fact that Dicer suppression led to decreased 27nt sir-RNA expression suggests that the cytoplasmic process may also be involved. This finding is somewhat inconsistent with the fact of the exclusive nuclear presence of the 27nt sir-RNA. It is possible that the effect of Dicer suppression on the 27nt sir-RNA is an indirect one. It is also possible that protein knockdown did not translate to functional knockdown in which the observed findings are not direct relationships between Drosha and 27nt sir-RNA or Dicer and 27nt sir-RNA. Alternatively, the 27nt sir-RNA biogenesis indeed involves a cytoplasmic process although this appears to FIGURE 6 . Bioprocess of the 27-nt sir-RNA. To explore the bioprocess of the 27nt sir-RNA, we transfected the HAECs with the gene-specific siRNAs for Drosha (siDro) and Dicer (siDic), which are known for cytoplasmic and nuclear small RNA processing. The siRNA specific to the luciferase gene was used as the control. Forty-eight hours after transfection, RNA and proteins were extracted from the transfected endothelial cells. A, Western blots for protein levels of Dicer or Drosher in endothelial cells treated with siDro or siDic. ␤-Actin was used as the internal control. B, Northern blot for the 27nt sir-RNA. There was a significant reduction in the amount of 27nt sir-RNA from cells when the Dicer or Drosha genes were suppressed. Using the densitometry scan, the experiments showed that the amount of the 27nt sir-RNA in Dicer-or Drosha-suppressed endothelial cells were 41.3 Ϯ 2.9 and 37.4 Ϯ 1.6% of the levels in the control cells, respectively. Columns in the bar chart represent mean Ϯ S.E. of three independent experiments. **, p Ͻ 0.01 between the treated and the control by the Student's t tests. C, top panel shows the host gene eNOS mRNA levels as measured by the quantitative real-time RT-PCR were increased in endothelial cells with Dicer or Drosha suppressed (1.81 Ϯ 0.22 and 1.93 Ϯ 0.23%, respectively). The lower panel shows Western blot of eNOS proteins in endothelial cells treated with Dicer-or Drosha-specific siRNAs. D, expression of 27nt sir-RNA was reduced significantly in cells with Drosha or Dicer knockdown. This reduction is accompanied by the simultaneous increase in the accumulation of pre-sir-RNA sized ϳ150 nt. tRNA is used as the loading control.
be biologically redundant because the 27nt sir-RNA is derived from the nucleus and functions within the nucleus. One of the underlying assumptions in our experiments is that the sequence of the 27-nt sir-RNA is unique and exactly equivalent to the 27-nt intron 4 repeat sequence. However, this may not be exactly correct. The observed 27nt sir-RNA may be a family of closely related sequences. More experiments are clearly needed to resolve these issues.
With the genome-wide existence of similar short intronic repeat sequence (30, 31) , we predict that this class of small RNA may function as a gene-specific negative feedback regulator. With varying numbers of the repeats between individuals, the sir-RNA based regulation could be responsible for individual differences in phenotypic expression, hence disease susceptibility. The more the host gene is transcribed, the more gene-specific sir-RNA will be produced, which forms a negative feedback regulatory loop to fine-tune the host gene expression. Variable numbers of the polymorphic repeats in populations will be responsible for quantitative individual differences in the expressed genes. More specifically, the 27-nt repeats in eNOS intron 4 can be converted to 27nt sir-RNA and functions as a negative feedback regulator of eNOS expression. Individuals with different numbers of 27-nt repeats will have different levels of 27nt sir-RNA, which is responsible for individual differences in eNOS expression, hence susceptibility to vascular diseases.
